Fe 3 O 4 particles were synthesized from platelet ¡-FeOOH particles by a liquid-phase reduction process using tetra-ethylene glycol as reduction agent, for their application in hyperthermia or thermoablation therapies that employ hysteresis-loss heating. Fe 3 O 4 particles 60100 nm in size were finally obtained by heating. The saturation magnetization of the obtained particles increased with the heating time to reach a maximum value of approximately 80 Am 2 /kg. In contrast, the coercive force of the particles was nearly constant at approximately 1213 kA/m and was independent of the heating time. Lattice image observation of the synthesized Fe 3 O 4 particles revealed to obtain single crystals. On the basis of experimental results, it was concluded that the single-crystal Fe 3 O 4 particles were formed by recrystallization through the dissolution and precipitation of iron ions from ¡-Fe 2 O 3 formed by the dehydration of ¡-FeOOH. The recrystallization of the Fe 3 O 4 particles was promoted with increasing ¡-FeOOH particle content in tetra-ethylene glycol up to about 0.022 g/mL.
Introduction
Spinel-structured iron oxide particles have been widely studied for application in a wide variety of fields such as biomedical applications, ferrofluids, and high-density magnetic recording media. Magnetic hyperthermia therapies employing large specific loss power generated using superparamagnetic nanoparticles have attracted attention as a promising anti-cancer treatment. 13) Spinel-structured iron oxide particles are especially suitable for such applications because of their chemical stability. Many methods such as co-precipitation, 35) solgel synthesis, 68) and hydrothermal treatment 9, 10) have been used to prepare spinel-structured iron oxide particles. For the application of spinel-structured ferrimagnetic iron oxide particles to hyperthermia or thermoablation therapies that employ hysteresis-loss heating, a magnetic field stronger than that generated by superparamagnetic relaxation systems is required in order to obtain the largest energy loss from the minor hysteresis loop. However, maintaining a strong magnetic field at a high frequency is not practically feasible. Therefore, a technique for controlling comparatively low coercive forces is a very important requirement for realizing effective hysteresis-loss heating. Coercive force control for spherical spinel-structured ferrimagnetic iron oxide particles is usually achieved by doping the oxide particles with cobalt that modifies their crystalline anisotropy. 9) However, the use of cobalt may result in biological toxicity.
In a previous study, we synthesized platelet £-Fe 2 O 3 particles (size: 30100 nm) from SiO 2 -coated platelet ¡-FeOOH particles by using H 2 gas as a reducing agent, for application of these particles in magnetic hyperthermia and thermoablation therapies that employ hysteresis-loss heating of ferrimagnetic particles. 11, 12) The shape of the synthesized particles was almost unchanged from that of platelet ¡-FeOOH particles, and the coercive force, which depends on shape anisotropy was in the range 814 kA/m. In addition to the gas-phase reduction process using H 2 gas, a liquid-phase reduction process has been reported for the synthesis of iron 13) and iron-based alloy particles. 14, 15) In this process, precursor metal salt solutions are reduced by a polyhydric alcohol (polyol method).
In this study, we synthesized Fe 3 O 4 particles from platelet ¡-FeOOH particles used as precursors by the liquid-phase reduction process using tetra-ethylene glycol as a reduction agent. The variations in the shape and crystal structures of the particles during reduction were examined using transmission electron microscopy (TEM) and X-ray diffraction (XRD), and the corresponding changes in the magnetic properties of the particles were also observed. Further, lattice images of the synthesized particles were obtained using high-resolution transmission electron microscopy (HRTEM) to identify their crystal planes.
Experimental Procedure

Synthesis of platelet ¡-FeOOH and Fe 3 O 4 particles
Platelet ¡-FeOOH particles used as the precursor material were prepared as follows. Ferric chloride (30 g), used as an iron source, was dissolved in 450 mL of water. Ethanolamine (89 mL) and sodium hydroxide (45 g), used as alkaline sources, were dissolved in 900 mL of water. Ethanolamine was added to control the crystal growth of the ¡-FeOOH particles. Both the solutions were cooled to a temperature below approximately ¹3°C in a refrigerator but were not allowed to freeze, and were then mixed to obtain a precipitate, the temperature of which was also adjusted to ¹3°C. By comparing the conditions employed in this process with the temperature and time generally employed in a hydrothermal treatment, we found that the size of the ¡-FeOOH particles was definitely affected by the precipitate temperature and decreased up on lowering the precipitate temperature. After stirring for 30 min, the precipitate was maintained for approximately 1 day at room temperature in order to obtain particles with a narrow size distribution. Subsequently, the precipitate was hydrothermally treated in an autoclave at 130°C for 2 h to grow platelet ¡-FeOOH particles.
Tetra-ethylene glycol was used as a polyhydric alcohol for reducing the ¡-FeOOH particles. The ¡-FeOOH particles in concentrations of 0.5, 1.0, 2.0, and 4.0 g were dispersed in 89 mL of tetra-ethylene glycol by using a sonicator. The ¡-FeOOH particle dispersion was sealed in a stainless steel receptacle, and the receptacle was then heated to 290°C for 5 min, 15 min, and 1 h in air. During this time, ¡-FeOOH was considered to be finally reduced to Fe 3 O 4 via the formation of ¡-Fe 2 O 3 . The obtained reduction product was washed with ethyl alcohol and then dried in air.
Measurements
Variations in the morphology and crystal structure of the ¡-FeOOH particles and reduction product particles were examined by TEM (carried out at 100 kV) and XRD. Lattice images of the particles were obtained by HRTEM carried out at 200 kV. Magnetic measurements were performed for the reduction product particles by using a vibrating sample magnetometer (VSM) operating under a maximum magnetic field of 1035 kA/m.
Results and Discussion
Morphological and structural analyses
Figure 1(a) shows the TEM image of ¡-FeOOH particles used as the precursor. Platelet-shaped particles with a size of about 3060 nm can be clearly observed. Figures 1(b)1(d) respectively show the TEM images of reduction products obtained by heating a dispersion containing 2.0 g of ¡-FeOOH particles in 89 mL of tetra-ethylene glycol for 5 min, 15 min, and 1 h at 290°C. The reduction product particles obtained after heating the dispersion for 5 min maintained the platelet shape of the ¡-FeOOH particles; these particles had a size of about 3060 nm and contained dimples that were formed by the dehydration of the ¡-FeOOH particles ( Fig. 1(b) ). The coercive force and saturation magnetization for this reduction product were 13.1 kA/m and 0.3 Am 2 /kg, respectively. When the dispersion was heated for 15 min, the obtained reduction product consisted of a remarkably high proportion of circular platelet particles about 60100 nm in size, as shown in Fig. 1(c) . Moreover, the saturation magnetization for this reduction product was remarkably high at 73.0 Am 2 /kg, while the coercive force was same, i.e., 13.1 kA/m as that for the reduction product obtained by heating the dispersion for 5 min. When the heating time was further increased to 1 h, almost the entire reduction product consisted of circular platelet particles 60100 nm in size ( Fig. 1(d) ). The coercive force and saturation magnetization for this reduction product were 12.2 kA/m and 78.5 Am 2 /kg, respectively. In our previous study in which platelet ¡-Fe 2 O 3 particles reduced in tetra-ethylene glycol were used as the precursor material, the reduction product consisted of nearly plateletshaped particle approximately 100 nm in size, as detected using scanning electron microscopy. 16 ) Figure 2 shows the XRD patterns of the precursor ¡-FeOOH particles and the reduction products shown in Figs. 1(b)1(d) . The peaks for the product obtained by heating the ¡-FeOOH dispersion for 5 min were identified to almost correspond to ¡-Fe 2 O 3 , which was formed by the dehydration of ¡-FeOOH and was an intermediate product in the course of reduction to Fe 3 O 4 . When the dispersion was heated for 15 min, the number of peaks corresponding to spinel-structured iron oxide increased remarkably; these peaks corresponded mostly to spinel-structured iron oxide, and to a small extent, to ¡-Fe 2 O 3 . The peaks for the product obtained by heating the dispersion for 1 h almost corre- sponded to spinel-structured iron oxide. The intensity of the XRD peaks corresponding to the spinel-structured iron oxide was proportional to the magnitude of saturation magnetization. After heating for 1 h, the ¡-FeOOH particles were considered to be almost reduced to Fe 3 O 4 . Figure 3 shows the lattice image of a particle in the reduction product obtained by heating the ¡-FeOOH dispersion for 5 min (Fig. 1(b) ). Dimples about 515 nm in diameter can be observed in this particle. Many lattice fringes oriented along two directions were observed around the dimples and various other areas of the particle, indicating that the particle consisted of a single crystal. The spacing between the lattice fringes was almost constant at approximately 0.27 nm; this value corresponds to the (104) plane of ¡-Fe 2 O 3 . Figure 4 shows the lattice image of particles in the reduction product obtained by heating the ¡-FeOOH dispersion for 1 h (Fig. 1(d) ). Clear lattice fringes oriented along a specific direction can be observed in the images. The spacing between the lattice fringes of these particles was approximately 0.49 nm; this value corresponds to the (111) plane of Fe 3 O 4 . The single direction of the lattice fringes indicates that the Fe 3 O 4 particles consisted of a singlecrystal.
On the basis of these results, the following mechanism for particle formation was suggested. ¡-Fe 2 O 3 particles are first formed by the dehydration of ¡-FeOOH particles. The formed ¡-Fe 2 O 3 particles are subsequently reduced by tetraethylene glycol and are simultaneously recrystallized to single-crystal Fe 3 O 4 particles through the dissolution and precipitation of iron ions. During the dissolution and precipitation process, the Fe 3 O 4 particles tend to maintain the platelet shape of the ¡-Fe 2 O 3 particles. Fig. 5(a) ).
When the content of the ¡-FeOOH particles was increased to 1.0 g, the ¡-Fe 2 O 3 particles were reduced remarkably, and Fe 3 O 4 particles with a size of approximately 3060 nm were observed ( Fig. 5(b) ). Further, when 4.0 g of ¡-FeOOH particles were heated, the size of the Fe 3 O 4 particles increased to approximately 100 nm, as shown in Fig. 5(c) .
Figures 6(a) and 6(b) show the relationship between the ¡-FeOOH particle content in tetra-ethylene glycol and the saturation magnetization and coercive force, respectively, when dispersions with different amounts of ¡-FeOOH particles were heated for 1 h at 290°C in tetra-ethylene glycol. The saturation magnetization increased with increasing ¡-FeOOH particle content and nearly saturated at approximately 80 Am 2 /kg at a content of about 0.022 g/mL. In our previous study, we obtained a saturation magnetization of 77.9 Am 2 /kg when ¡-FeOOH particles with a content of 0.0057 g/mL were heated for 16 h at 290°C in tetra-ethylene glycol. These results show that the recrystallization of Fe 3 O 4 particles through the dissolution and precipitation of iron ions was promoted up to an ¡-FeOOH particle content of about 0.022 g/mL and slowed down when the ¡-FeOOH particle content decreased.
On the other hand, the coercive force was constant at approximately 1213 kA/m, irrespective of the ¡-FeOOH particle content. The nearly constant value of the coercive force was considered to be dependent on the shape anisotropy of the platelet particles. 
Conclusions
Fe 3 O 4 particles were synthesized from platelet ¡-FeOOH particles via a liquid-phase reduction process using tetraethylene glycol as a reduction agent. Single-crystal Fe 3 O 4 particles with a size of 60100 nm were finally obtained by recrystallization through the dehydration, dissolution and precipitation of ¡-FeOOH particles. The saturation magnetization of the particles increased with the heating time up to a maximum value of approximately 80 Am 2 /kg. In contrast, the coercive force of the particles did not depend on the heating time and was nearly constant at 1213 kA/m. The recrystallization of Fe 3 O 4 particles was promoted with increasing ¡-FeOOH particle content in tetra-ethylene glycol up to about 0.022 g/mL. (a) (b) Fig. 6 Relationship between the ¡-FeOOH particle content in tetraethylene glycol and (a) saturation magnetization and (b) coercive force, when dispersions with different ¡-FeOOH particle content were heated in tetra-ethylene glycol for 1 h at 290°C.
